Bone morphogenetic protein (BMP) signaling is known to be involved in multiple inductive events during embryogenesis including the development of amniote skin. Here, we demonstrate that early application of BMP-2 to the lateral trunk of chick embryos induces the formation of dense dermis, which is competent to participate in feather development. We show that BMPs induce the dermis markers Msx-1 and cDermo-1 and lead to dermal proliferation, to expression of b-catenin, and eventually to the formation of ectopic feather tracts in originally featherless regions of chick skin. Moreover, we present a detailed analysis of cDermo-1 expression during early feather development. The data implicate that cDermo-1 is located downstream of BMP in a signaling pathway that leads to condensation of dermal cells. The roles of BMP and cDermo-1 during development of dermis and feather primordia are discussed. q
Introduction
The development of skin and feathers in avian embryos is a highly regulated process requiring precise patterning mechanisms at various spatiotemporal levels.
Feather formation is not a general property of avian embryonic skin, but is restricted to several distinct regions of the integument. These feather tracts (pterylae) are separated from each other by primary featherless regions (apteria) (Fig. 1) . Classical transplantation experiments in chick embryos have shown that the information whether a feather tract or featherless skin is formed at a certain location resides in the dermis. The dermis is the dense mesenchymal layer of the integument subjacent to the ectodermal epidermis. The dermis develops from the loose subectodermal mesenchyme by extensive cell condensation and matrix accumulation (reviewed in Sengel, 1976 Sengel, , 1990 Dhouailly, 1977) .
Within the feather tracts, feathers are formed in a precisely regulated array. In the best studied spinal pteryla, which extends as a broad craniocaudal stripe along the entire back of the embryo, the first feather anlagen appear in the lumbal region in a single middorsal row and in the thoracic and cervical region in two parallel rows along the dorsal midline. Subsequent rows of feathers appear lateral to the initial rows, thus forming a regular hexagonal feather pattern that extends in mediolateral succession until the lateralmost feather primordia of the tract have formed. In the thoracic and cervical regions, a single secondary row is also added medially (Sengel, 1976) .
The first morphological manifestation of a developing, individual feather is a localized thickening of the epidermis, the epidermal placode. The initial dermal signal that starts this process, the putative primary inducer, is still unknown. Recent work suggests that all mesenchymal cells of the developing dermis have the ability to induce epidermal placodes. Cell adhesion stabilizes the aggregation of mesenchymal cells, allowing them to function as inductive centers (Jiang et al., 1999) . The placode signals to the underlying dermis to form a local condensation. Within the now designated feather primordium, the dermis signals back to the epidermis, and thus initiates the outgrowth of a prominent feather bud and the subsequent elongation of the bud into a feather filament. This process is dependent on ongoing cross-talk between signals from the epidermis and the dermis (reviewed in Sengel, 1976 Sengel, , 1990 Dhouailly, 1977) .
Considerable progress has been made in elucidating the molecular signals involved in feather formation (reviewed in Chuong and Widelitz, 1998; Oro and Scott, 1998) . Recent work has implicated intracellular b-catenin signaling in the earliest steps of feather induction. Prior to placode formation, b-catenin is located in the nuclei of both prospective placodal and interplacodal epidermis cells. During placode formation, b-catenin becomes restricted to the newly formed placodes. Forced expression of stabilized b-catenin in the ectoderm is sufficient to induce ectopic feather bud formation in the feather tracts and in apteric regions and causes ectopic expression of other early placode markers like bone morphogenetic protein-2 BMP-2 (Noramly et al., 1999; Widelitz et al., 2000) . Similar to b-catenin, BMP-2, a member of the transforming growth factor-b (TGF-b) superfamily of secreted signaling factors, is expressed in the ectoderm of the prospective feather tracts and becomes subsequently restricted to the future placodes prior to their morphological differentiation. Bead application experiments at this latter stage have shown that BMP-2 inhibits feather formation, suggesting that it is involved in mediating the spacing between nascent buds by inhibiting the response to the dermal primary inducer in interbud ectoderm (Jung et al., 1998; Noramly and Morgan, 1998) . Conversely, fibroblast growth factors (FGFs), which are also expressed in the epidermal placodes, promote feather bud formation when experimentally applied to skin explants (Song et al., 1996; Widelitz et al., 1997; Jung et al., 1998) . FGFs are discussed as putative secondary inducers of bud formation, which recruit surrounding epidermal cells to the placode and thus stabilize this structure (Noramly et al., 1999) . Other secreted factors like the BMP antagonist follistatin (Patel et al., 1999) and sonic hedgehog (Ting-Berreth and Chuong, 1996; Morgan et al., 1998) are also able to promote feather formation. Notch/delta signaling is thought to refine the early placode pattern and create a boundary for the already formed dermal condensation of the feather primordium (Crowe et al., 1998; Viallet et al., 1998; reviewed in Oro and Scott, 1998) .
The murine bHLH transcription factor Dermo-1 (Li et al., 1995) and its avian homologue cDermo-1 (Scaal et al., 2001) , which are members of the Twist subfamily of bHLH transcription factors, are expressed in developing dermis and are thought to be markers of dermal differentiation. In chick embryos, cDermo-1 is furthermore expressed in dermal condensations underneath the epidermal placodes and subsequently in the mesenchymal core of the feather buds, suggesting a role during feather formation (Scaal et al., 2001) . Apart from its twist-like effect on the inhibition of myogenesis and promotion of skeletal tissue formation (Lee et al., 2000; Füchtbauer et al., unpublished results) , the function and regulation of cDermo-1 in dermal differentiation and feather development is unknown.
Here, we present experimental evidence that BMPs induce the development of feather forming skin at early stages of avian skin development. We show that early application of BMP-2 to the prospective apteric region in the flank of chick embryos induces cDermo-1 expression in the subectodermal mesenchyme prior to ectodermal b -catenin-expression and thereby controls the formation of dense dermis and ectopic feather tracts. A detailed analysis of cDermo-1 expression during early feather development suggests a role of cDermo-1 during dermal condensation. Furthermore, we show that Msx-1, a homeobox-containing gene recently implied in dermis development (Houzelstein et al., 2000) , is also specifically upregulated by BMP-2. We discuss the potential interaction of BMPs, cDermo-1, and Msx-1 in dermal development and early feather formation
Results

Early BMP-2 application causes localized skin hyperplasia
BMPs are known to be involved in various steps of skin and feather development. They inhibit feather formation during late stages of skin differentiation Jung et al., 1998; Noramly and Morgan, 1998; Stelnicki et al., 1998) . To test a possible implication of BMPs in early skin development, we examined the long term effects of BMP-2 beads applied at early stages of skin development (stages 17-23). Embryos were harvested after 3-6 days of reincubation, corresponding to stages 29-35 ðn ¼ 28Þ. We observed the formation of prominent protrusions at the operation sites ( Fig. 2K-P) . Histological sections revealed that the protrusions consisted of a localized thickening of dense dermal tissue and the subjacent subcutis, whereas the ectoderm remained morphologically unaffected (Fig. 2N) . To test whether these protrusions were caused by increased proliferation, we cloned the cDNA of the proliferation marker PCNA and used it as a probe to detect proliferation by in situ hybridization (n ¼ 4). We found high levels of PCNA transcripts in the dermal protrusions (Fig. 2O) , indicating that BMP-2-induced dermal protrusions were formed by localized skin hyperplasia.
BMP-2 induces cDermo-1 and Msx-1 expression
We previously reported the isolation of the avian cDermo-1 cDNA and cDermo-1 expression in subectodermal mesenchyme and dermis right from the onset of dermal differentiation (Scaal et al., 2001) . The homeobox gene Msx-1 specifically marks a population of dermal progenitor cells that migrate from the somites and contribute to the dorsal dermis. In normal development, Msx-1 is not expressed in dermal progenitors overlying the dermomyotome (Houzelstein et al., 2000) . To test if BMPs are involved in regulating the dermal markers cDermo-1 and Msx-1 during early stages of skin development, we implanted heparincoated acrylic beads loaded with 5-100 mg/ml BMP-2 or BMP-4 protein into various regions of stage 17-22 chick embryos. After 24 h, embryos were fixed and cDermo-1 and Msx-1 expression were monitored by in situ hybridization (Fig. 2) . BMP-2 beads, implanted into the prospective apteric region in the lateral trunk of embryos cranially to the forelimb bud, always induced ectopic expression of cDermo-1 and Msx-1 in the subectodermal mesenchyme in the vicinity of the bead ðn ¼ 29Þ ( Fig. 2A,B ,D,H,J,K). Expression was confined to the subectodermal mesenchyme, which will give rise to dermis and was not observed in deeper tissue (Fig.  2J ). After implantation of multiple beads soaked in 100 mg/ ml BMP-2 along the cranio-caudal axis of embryos, induction of cDermo-1 was strongest at wing bud level (adjacent to somites 15-21) and weaker in more caudal positions ( Fig.  2A) . Notably, we never observed cDermo-1 induction after implantation of BMP-beads in positions along the dorsal midline, dorsal to the neural tube. In some cases ðn ¼ 6Þ, cDermo-1 expression was not induced in the subectodermal mesenchyme directly overlying the bead, but only in the subectodermal mesenchyme ventrolateral to the bead (not shown). This may have been due to varying implantation depths. BMP-4 beads implanted at comparable positions in the embryo also induced cDermo-1 expression, though the effect was significantly weaker compared to BMP-2 and was not found in all cases examined (n ¼ 8, 50%) (Fig. 2C ). After longer incubation of manipulated embryos, cDermo-1 expression persisted continuously at high levels in BMPinduced ectopic dermis. Implantation of beads soaked in 100 mg/ml BMP-2 at stage 17 resulted in transient Msx-1 expression around the beads after 24 h (Fig. 2H ). No Msx-1 was expressed in dermal protrusions at later stages. This confirms that Msx-1 is exclusively expressed in dermal precursors prior to differentiation. Msx-1 was not only induced in the neighborhood of the BMP-2 bead, but in most cases (n ¼ 5, 60%) also in a stripe of cells extending from the dorsal midline to the lateral position of the bead. This indicates that not only induction of gene expression in local cells, but also immigrating cells contribute to increased dermal cell density (Fig. 2H ).
BMP-2 indirectly induces ectopic feather tracts
b-Catenin has been described to be the first marker of feather formation and has been shown to be sufficient to initiate feather bud development (Noramly et al., 1999; Widelitz et al., 2000) . Using b -catenin as a marker, we investigated whether the ectopic dermal condensations induced by BMP-application represent ectopic feather tracts. We analyzed the expression of b -catenin after early BMP-2 bead implantation, following the same procedure as described above. In contrast to cDermo-1, we did not find b -catenin upregulation after 24 h of reincubation ðn ¼ 6Þ. However, after 3-5 days of reincubation, b-catenin was highly expressed in the BMP-2-induced dermal protrusions of the stages examined, from stage 28 to 34 ðn ¼ 9Þ (Fig. 2L) , identifying the protrusions as ectopic feather tracts. Moreover, we found that in the ectopic feather tracts, cDermo-1 was upregulated prior to b -catenin. It is important to note that we detected b -catenin expression at transcriptional level, which is not sufficient to discern between membrane-bound and activated b-catenin. Nevertheless, our results confirm that BMPs can induce feather tracts and indicate that to date cDermo-1 is the earliest known marker of feather development.
After 6 days of reincubation (stage 35), the protrusions revealed regular but densely spaced feather primordia, coinciding with restriction of cDermo-1 expression to the respective dermal condensations as described above. These induced islands of feather formation developed outside of the regular pterylae, thus representing ectopic feather tracts in the otherwise apteric regions (Fig. 2L,M) . After 8 days of reincubation (stage 37), these ectopic feather fields showed densely arranged feathers, which were even longer than the neighboring feathers (Fig. 2Q ).
In accordance with the above observation that BMP-2-induced cDermo-1 expression was highest at wing bud level and weak or absent in posterior and dorsomedial locations, we never observed BMP-2-induced protrusions in these latter locations. This, together with the long reincubation times, argued for an indirect effect of BMP-2 on dermis formation. To test this hypothesis, we implanted BMP-2 beads as described above, but surgically removed them after 24-30 h and reincubated the embryos for another 4-5 days. Indeed, early removal of the exogeneous BMP-2 source still resulted in the formation of local cDermo-1-positive protrusions and ectopic feather tracts at the operation sites. This demonstrates that the formation of dermal protrusions is triggered by BMP-2, but does not require a continued BMP-2 source. BMP-2 most likely activates a downstream effector leading to the observed local thickenings. To test whether BMP-2 application induces endogenous BMP signaling, we applied BMP-2 and BMP-4 soaked beads and investigated BMP-2,-4, and -7 mRNA levels by in situ hybridization. Interestingly, we found that BMP-2 upregulates BMP-4 (Fig. 2E ), but BMP-4 did not induce BMP-2 expression (Fig. 2F) . BMP-7 was not upregulated by any of the two tested BMPs. Due to these data, endogenous BMP-4 synthesis, triggered by exogenous BMP-2, might induce the formation of dense dermis and the expression of dermal markers in our experiments. To examine whether BMPs could also account for the normal induction of dermal markers, BMP-2, -4, and -7 expression patterns were studied in comparison to cDermo-1 and Msx-1. In unmanipulated embryos, during the stages under investigation, the expression of BMP-4 resembled that of cDermo-1 and Msx-1 more closely than the one of BMP-2. BMP-4 or BMP-4-containing heterodimers thus seem to be good candidates for early dermal inducers in vivo.
Thus, we could show that application of BMP-2 at early stages of skin development indirectly leads to excessive and ectopic dermis formation and to ectopic feather development.
Noggin blocks BMP-mediated induction of feather tracts
To test the specificity of the BMP-mediated induction of feather tracts, we implanted beads soaked with BMP-2 plus its biochemical inhibitor, noggin. As expected, these dual protein beads did not induce cDermo-1 nor Msx-1-expression ðn ¼ 12Þ (Fig. 2I) , nor did beads soaked with phosphate buffered saline (PBS) ðn ¼ 6Þ. Accordingly, no protrusions and ectopic feather tracts were observed. The same antagonistic effect was observed when BMP and noggin were applied on two adjacent, separate beads (Fig. 2D) . However, BMP-2 plus noggin still upregulated BMP-4 (Fig. 2G) .
cDermo-1 is a marker of dermal condensation
To gain more insight into the functional role of cDermo-1, we examined its temporal expression pattern during feather development in greater detail.
Prior to feather formation (stage 28, not shown), cDermo-1 expression was widespread in dermal cells of the integument of the trunk and the limbs except the autopod. However, expression was lower in the middorsal line and in the prospective lateral apteria of the thoracic and cervical trunk. This low level of cDermo-1 expression in the apteric regions was observed throughout all examined stages (Fig. 3) .
At early stage 29 (Fig. 3A) , coinciding with the appearance of the ectodermal placodes of the initial feather rudiments, expression was strongest in two separated longitudinal stripes along the dorsal midline of the thoracic and cervical trunk and in a stripe along the dorsal midline of the lumbal region, which was also slightly weaker in the very midline (Fig. 3A1) . This corresponds to the appearance of the initial rows of feather rudiments, which will form in one middorsal row in the posterior spinal pteryla and in two dorsal rows in the thoracic and cervical spinal pteryla (Sengel, 1976) . In the lumbal midline, a localized spot of cDermo-1 expression marked the very first dermal condensation to form (Fig.  3A3 ). In the remaining trunk, expression was lower in the lateral dorsum at interlimb level, a region within which feather formation starts late, and lowest in the prospective lateral apteria. High levels of expression were detected in the forming scapular, femoral, and pectoral feather tracts. Interestingly, in the cervical initial rows, we observed a transient phase of downregulation of cDermo-1 in the nascent feather primordia (Fig. 3A2) .
At late stage 29 (not shown), a row of multiple cDermo-1-positive dermal condensations appeared in the lumbal midline (Fig. 3C3) . A continuous stripe of strong dermal expression persisted on either side of the initial stripe, where the next row of primordia was just about to form. This latter transitory dermal expression was strong both underneath nascent placodes and beneath the corresponding interplacodal epidermis. It spread laterally with the lateral expansion of feather differentiation in the spinal pteryla during the following stages, thus marking the location for the next feather rows to form.
At early stage 30 (Fig. 3B) , expression in the dermal condensations had acquired a distinct outline and was surrounded by a halo of low expression. In the cervical rows, for a short initial period, the dermal condensations displayed a circular expression domain with lower expression in the center of the primordium. This seemed to be an exclusive property of this region and disappeared soon.
At late stage 30 (Fig. 3C) , the second row of cDermo-1-positive condensations formed lateral to the initial one (Fig.  3C3) ; moreover, in the thoracocervical region, a middorsal row formed between the two initial rows (Fig. 3C2) . Feather rudiments now also emerged outside the spinal feather tract, in the scapular, femoral, and pectoral pteryla. There, cDermo-1 expression was regulated in a similar pattern, being high in the dermis under the very early ectodermal placode and subsequently focused within the dermal condensations.
During stages 31-34 (Fig. 3D ), more rows of cDermo-1 expressing dermal condensations were added in mediolateral sequence, reflecting the morphological appearance of feather rudiments. Within the feather tract, cDermo-1 expression became largely restricted to the feather primordia and early feather buds, which formed a regular hexagonal pattern. Lateral to the youngest feather primordia, expression was uniform at moderate levels in the dermis (Fig. 3D2,D3) .
At stage 35, prominent feather buds had formed in the now definitive feather tracts. In younger buds at lateral locations, cDermo-1 transcripts were detected throughout the mesenchymal core of the bud. In more mature feather buds at the dorsal midline, expression was restricted to the distal mesenchyme and to an additional semi-circular domain at the base of the elongated buds (Fig. 3E1 ). This basal domain was restricted to the posterior aspect of the feather buds, thus excluding the anteriormost quadrant of the feather base. In interbud skin and in the apteria, cDermo-1 expression was very low.
In early feather filaments (stage 38), the ring-shaped expression domain at the base of the feather persisted (Fig. 3E3) . Expression was still observed in young feather filaments (Fig. 3E2) , but ceased gradually with ongoing outgrowth of the filament (Fig. 3E3) .
In summary, cDermo-1 is initially expressed throughout the developing dermis, with highest expression levels in the feather tracts prior to feather rudiment formation and only low levels in the apteria. With the onset of ectodermal placode formation, dermal expression is locally intensified. It remains high in the dermal compartment of the developing feather primordia and buds, but low in interbud skin. Thus cDermo-1 expression marks the timecourse of dermal condensation, which reflects dermal differentiation during feather development. This strongly argues for a role of cDermo-1 in the condensation of dermal cells and indicates a potential function of cDermo-1 in the dermo-epidermal crosstalk during early feather formation.
Discussion
Classical transplantation experiments in the chick have established that the development of skin appendages depends on various mutual signaling events between the ectodermal layer of the skin, the epidermis, and the underlying dermis, which is of mesodermal origin (reviewed in Sengel, 1976 Sengel, , 1990 Dhouailly, 1977) .
In avian embryos, the dermis of the dorsal trunk arises from the dermomyotomes of the somites, whereas in the ventral trunk and the limbs, the dermis arises from the somatopleure (Mauger, 1972; Christ et al., 1983; Houzelstein et al., 2000) . Dermal precursor cells detach from their respective tissues of origin and migrate beneath the epidermis, thereby populating the fibrous lattice of the subectodermal extracellular space. In the subectodermal mesenchyme, only cells in close proximity to the ectoderm will condense to differentiate into dermis; cells located in deeper layers will give rise to subcutis (reviewed in Sengel, 1976) . In this work, data are presented that identify BMPs as early inducers of dermis formation in subectodermal tissue. Furthermore, cDermo-1 is shown to be a possible downstream target of BMP signaling mediating dermal condensation.
BMPs can induce ectopic feather tracts
During feather development in the chick, BMP-2 is reported to be expressed in the ectoderm of the forming feather tracts in a uniform pattern that includes both prospective feather buds and interbud regions. Later in feather development, BMP-2 expression becomes restricted to the ectodermal placodes, which are the first morphological manifestations of forming feather primordia. Subsequently, BMP-2, together with BMP-4, is additionally expressed in the underlying dermal condensations giving rise to the dermal compartments of the growing feather buds . Overexpression of BMPs in chick skin during feather formation around stage 29 results in suppression of feather germ formation . Similarly, application of beads soaked with BMP-2 at the same stages suppresses feather bud formation locally (Jung et al., 1998) . Accordingly, BMPs are discussed as mediators of lateral inhibition during the spacing of feather anlagen. The BMP antagonist follistatin is thought to allow localized feather growth in the buds themselves (Patel et al., 1999) . In this report we provide evidence that BMP-2 beads applied at early stages of skin development, between stages 17 and 22, promote feather formation. BMPs induce the development of dense dermis, which is capable of initiating and participating in feather formation. We show that this is an indirect effect of BMP-2 application, because a short exposure to BMP-2 protein is sufficient to promote subsequent feather formation several days later.
BMPs are known to induce Msx-1 in the limb buds and in the head mesenchyme (Pizette and Niswander, 1999; Thesleff, 1995; Barlow and Francis-West, 1997; Tucker et al., 1998) . In this work, we show that application of BMP-2-beads leads to temporary expression of Msx-1 in dermis precursor cells. Msx-1 has been postulated to mark dorsal dermal progenitor cells. Msx-1 is downregulated prior to the onset of differentiation, which is thought to be signified by expression of Dermo-1 (Houzelstein et al., 2000; Scaal et al., 2001) . Only cells beneath the ectoderm give rise to dermis, deeper layers of Msx-1-expressing cells might participate in the development of the neural arches in the vertebral column (Houzelstein et al., 2000) . It is feasible that BMPs induce the immigration of Msx-1-positive, proliferating dermal precursor cells.
BMP-2-induced ectopic feather tract formation is preceded by local dermal and subcutaneous cell proliferation. This is in accordance with observations in mammals (Stelnicki et al., 1998) , where BMP-2 application to dermal fibroblasts in cell culture induces increased proliferation and collagen synthesis, leading to a dense extracellular matrix. The same proliferative response is seen in vivo. BMP-2 application to the skin of lamb fetuses increases cell number and thickening of both dermis and epidermis, leading to a denser distribution of hair follicles. Moreover, BMP-2 treatment of skin incisions results in fetal scar formation (Stelnicki et al., 1998) . Notably, though, we did not see epidermal thickening in the chick.
Implantation of a large number of BMP-2-expressing cells dorsal to the neural tube of chick embryos leads to hyperplasia of Msx-1 and Msx-2-expressing mesenchyme and excessive cartilage formation (Monsoro-Burq et al., 1996) . This was not observed after implantation of small cell grafts. In our experiments, BMP-2-beads did not cause protrusions at dorsomedial locations, probably due to less factor diffusing from the beads compared to large cell grafts. This indicates that BMP-2 induces dermis formation and cDermo-1 expression at lower concentrations than required for cartilage formation.
In other contexts, BMP signals have been shown to induce apoptosis rather than cell proliferation (Schmidt et al., 1998) . In tissue culture, both Dermo-1 and M-Twist have been reported to inhibit oncogene induced apoptosis in vitro (Maestro et al., 1999) . It is therefore feasible that in avian skin cDermo-1 inhibits the apoptotic effect of BMP in mesenchymal cells, thereby promoting proliferation. This proliferation might also be mediated by the elevated Msx-1 expression described above, as Msx-1 has been shown to act like an oncogene (Song et al., 1992) .
Even though we were able to induce feather forming dermis by BMP-2 and BMP-4 application, the signaling process is likely to be more complex both during normal and experimentally altered development. The amount of active BMP protein is obviously controlled via feedback loops. For instance, when noggin binds to BMP protein and inhibits BMPs to bind their receptors, BMPs can be upregulated (Pizette and Niswander, 1999; own observations) . This explains why in our experiments BMP-2 as well as BMP-2/noggin beads induce BMP-4 expression. Furthermore, BMP-2 upregulates BMP-4. BMPs are known to bind to the receptors more efficiently as heterodimers in vitro and in vivo (Hogan, 1996; Miyazono, 2000) .
During induction of dermal Msx-1 and cDermo-1 expression, dimers of BMP-4 and BMP-7 could be formed as a result of BMP-4 upregulation by BMP-2. Alternatively, exogenous BMP-2 could form heterodimers with BMP-4. Since BMP-4, but not BMP-2 expression coincides with Msx-1 and cDermo-1 expression in normal development, the inducing signal could therefore be exerted by BMP-4-containing heterodimers. The involvement of other molecules of the TGF-b superfamily cannot be excluded. For instance, TGF-b2 has been reported to be able to induce dermal condensations in stage 30 chick skin explants, and is expressed in the ectoderm during feather placode formation (Ting-Berreth and Chuong, 1996b) .
cDermo-1 is a marker of dermal condensation
Histological observations revealed that the dermis of the feather tracts consists of densely packed cells with a tight extracellular matrix, whereas the subepidermal mesenchyme of the apteric regions remains loose and does not form a proper dense dermis (Sengel, 1976) . Cell density in feather tracts is about 30% higher than in featherless skin. In the dermal condensations of the feather primordia this number rises up to 180% (Wessels, 1965; Sengel et al., 1969) . High cell density in the dermis is a prerequisite of feather formation (Jiang et al., 1999) . Here, we show that dermal density is closely linked to the intensity of cDermo-1 expression. Expression of cDermo-1 in the chick integument is restricted to dermal precursor cells close to the dermo-epidermal junction (Scaal et al., 2001) . A similar pattern has been reported for its murine homologue Dermo-1 (Li et al., 1995) and for the closely related but less specifically expressed murine twist (Füchtbauer, 1995) .
cDermo-1 expression is low in future featherless regions and high in the prospective pterylae. Within the forming feather tract, its expression is highest during ongoing dermal condensation in the newly forming feather rows and stays high in the dermal condensations of the feather primordia. This could be interpreted in two ways: cDermo-1 could play a functional role in the process of condensation of dermal precursor cells, or dermal condensation could be a prerequisite of cDermo-1 expression. Both possibilities imply an involvement of cDermo-1 in early feather development. In the literature, on the basis of its expression, cDermo-1 has been interpreted as a marker for dermal differentiation (Houzelstein et al., 2000; Scaal et al., 2001) . However, no functional data on Dermo-1 activity in skin is yet available.
cDermo-1 is thought to function independently in the development of the skeleton and the integument. In osteogenesis, Dermo-1 and twist seem to cooperate in inhibiting premature differentiation of osteoblasts (Tamura and Noda, 1999; Lee et al., 2000) . In skin development, dermal cDermo-1 expression appears to be induced by signals from the epidermis or the subectodermal mesenchyme. This notion is supported by experiments of Tajbakhsh et al. (1996) , who found that in myf-5 (2/2) mutant mice, aberrantly migrating muscle progenitor cells express Dermo-1 as soon as they closely approach dorsal epidermis. As cDermo-1 expression in the integument starts well in advance of feather formation, around stage 24 (Scaal et al., 2001) , and displays a dynamic and highly specific pattern throughout all stages of feather development in vivo and in experimentally induced feather development, we argue that cDermo-1 is functional in both early dermal differentiation and subsequent steps of feather development.
It is intriguing to note that the expression dynamics of cDermo-1 in the spinal pteryla reflect precisely the postulated pattern of activity of the enigmatic primary dermal inducer of feather development (Sengel, 1976) . As BMP signaling and cDermo-1 expression presented here act upstream of the postulated primary inducer of feather development, it will be interesting to examine a possible interaction with the latter.
3.3. cDermo-1 could act downstream of BMP signaling in developing feather-forming dermis As a working model implicating BMPs and cDermo-1 in dermal condensation and early feather development, we propose the following scenario: BMP expressed in the ectoderm or in the subectodermal mesenchyme of the future pterylae acts as a proliferating agent (Monsoro-Burq et al., 1996; Stelnicki et al., 1998; this article) inducing the increase of cell number in dermal precursor populations invading the subectodermal tissue. As BMPs have been reported to induce apoptosis in paraxial mesoderm (Schmidt et al., 1998) , it is possible that cDermo-1 promotes dermal proliferation and condensation in the feather tracts via suppression of BMP-mediated apoptosis (Maestro et al., 1999) . Migratory precursor cells express Msx-1, which keeps them in a proliferative state (Houzelstein et al., 2000) . Upon a signal from the epidermis, which are probably BMPs or other related TGF-b signaling molecules (Ting-Berreth and Chuong 1996b; this work), cells close to the epithelium differentiate into dense dermis marked by cDermo-1 expression. Subsequent condensation of cDermo-1-positive cells and formation of local foci of feather formation is mediated by cell clustering as described by Jiang et al. (1999) . A function of cDermo-1 could be to promote cell-cell-contacts required for condensation (Jiang et al., 1999) . As a bHLH transcription factor, cDermo-1 is likely to bind to E-boxes in regulatory regions of its target genes (Murre et al., 1989) . The promoters of various cell adhesion molecules including intercellular adhesion molecules (ICAMs, Sugino et al., 1997) , platelet/endothelial cell adhesion molecules (PECAMs, Gumina et al., 1997) , and integrins (Leung et al., 1993 ) contain E-boxes and are therefore candidate targets of bHLH transcription factors. The cell-cell adhesion molecule N-CAM (neural cell adhesion molecule) is involved in the formation of dermal condensations (Chuong and Edelman, 1985; Jiang et al., 1999) . We hypothesize that cDermo-1 promotes cell-cell adhesion and possibly also cell-matrix interactions, which result in dermal condensation during the formation of dermis and feather rudiments. Thus, in conclusion, we show that BMP-induced dermal cell condensation is the earliest known event to trigger feather development. It acts well in advance of epidermal b-catenin signaling. We propose that BMP-induced, and possibly cDermo-1-mediated, condensations of subectodermal cells could enable the developing dermis to launch the yet unknown primary dermal inducer to start the dermo-epidermal crosstalk resulting in feather formation (Dhouailly, 1977) .
As no functional data on cDermo-1 in skin development are available yet, gain-and loss-of-function experiments in the chick, as well as targeted mutagenesis experiments in the mouse, will be needed to further elucidate the role of cDermo-1 in the intricate regulatory network leading to coordinated skin and feather development.
Experimental procedures
Embryos
Fertilized eggs of Gallus gallus (White Leghorn) were obtained from a local breeder and incubated at 388C and 80% relative humidity for the time required. The stages of the embryos were determined according to Hamburger and Hamilton (1951) .
Microsurgery
Eggs were windowed and the vitelline membrane and the amnion slit open in the area of operation. For application of rhBMP-2, rhBMP-4, and Xnoggin, heparin-coated acrylic beads of approximately 80 mm in diameter (Sigma, Germany) were rinsed in PBS and individually transferred into protein solution (BMP-2: 100, 10, and 1 mg/ml; BMP-4: 20 mg/ml and various dilutions thereof; Xnoggin 900 mg/ ml. Proteins were diluted in PBS 1 0.1% bovine serum albumin (BSA)). Beads were soaked in factor at 48C at least overnight, BMP-2 was still active up to 2 weeks after soaking. BMPs were obtained from Genetics Institute, Cambridge, MA, USA; Xnoggin was obtained as a generous gift from Drs Richard Harland and Jose M. De Jesus, Berkeley, CA, USA (Lamb et al., 1993) and from Dr Ralf Rupp, Tübingen, Germany.
To implant a bead into an embryo, a small slit was cut through the ectoderm into the underlying tissue using tungsten needles, and the bead was pushed through the slit into the desired position with a blunt needle. Embryos were operated at stages 17-23.
The operated eggs were sealed with medical tape and reincubated for the time required (see Section 2). Bead removals were done by rewindowing the eggs, cutting a slit into the embryo over the bead with a fine tungsten needle, and sweeping out the bead with a less pointed tungsten needle. Embryos were inspected, sacrificed, fixed in 4% paraformaldehyde in PBS overnight at 48C, dehydrated in a graded methanol series, and stored at 2208C.
Immunohistochemistry
For histological analysis of skin protrusions, relevant patches of the body wall were dissected from embryos, fixed in Serra's solution (Serra, 1946) , sectioned, and stained with hematoxylin-eosin (HE) according to standard histological procedures.
Isolation of the cDNA of chicken PCNA
The full length coding sequence of the avian cDNA for proliferating cell nuclear antigen (qPCNA) was isolated from a 3-day embryonic quail cDNA library and has been submitted to the EMBL database (European Molecular Biology Laboratory, Accession no. AJ301669). The digoxigeninlabeled probe for in situ hybridization was prepared from a 1.3 kb fragment using T3 and T7 polymerase for sense and antisense, respectively.
In situ hybridization
In situ hybridization experiments with probes for cDermo-1 (Scaal et al., 2001 ), b-catenin, Msx-1, and avian PCNA were performed according to Nieto et al. (1996) . The chicken b -catenin probe was a kind gift from Dr C.M. Chuong, Los Angeles, CA (Lu et al., 1997) . Full length chick Msx-1 was a kind gift from Dr Anthony Graham, London.
